Abstract-According to recent forecasts, constant population growth and urbanization will bring an additional load of 2.9 billion vehicles to road networks by 2050. This will certainly lead to increased air pollution concerns, highly congested roads putting more strain on an already deteriorated infrastructure, and may increase the risk of accidents on the roads as well. Therefore, to face these issues we need not only to promote the usage of smarter and greener means of transportation but also to design advanced solutions that leverage the capabilities of these means along with modern cities' road infrastructure to maximize its utility. To this end, we propose an original Cognitive Radio inspired algorithm, named CRITIC, that aims to mimic the principle of Cognitive Radio technology used in wireless networks on road networks. The key idea behind CRITIC is to temporarily grant regular vehicles access to priority (e.g., bus or carpool) lanes whenever they are underutilized in order to reduce road traffic congestion. The performance evaluation results of CRITIC using grid and random road network topologies with varying traffic load have proven its effectiveness.
I. INTRODUCTION
Traffic congestion is a significant problem that many cities have to face in the modern world. Indeed, the accelerated economic growth in urban areas has led to an unprecedented increase in population, creating plethora of challenges to efficiently accommodate their needs of fast mobility while ensuring their safety and minimizing the negative impact of transport means on the environment. From transport managers perspective, this generally equates to a larger number of private vehicles using the limited network of roads [1] . Many cities do not have the capacity, logistics or funding resources to cope with this increase in demand, which results in a degradation of the road infrastructure and ultimately increased traffic congestion problems on road networks.
Despite the numerous studies that have highlighted the negative impact of traffic congestion on the economy, environment and city inhabitants' safety and health, and the endless number of attempts to design and deploy sophisticated systems to reduce this impact, traffic congestion is still a serious issue that is both hard to accurately predict and efficiently overcome because it is influenced by several factors. The Victoria Transport Policy Institute, which is an independent think tank of traffic congestion research, defined some metrics that can be used to measure traffic-congestion, such as Level-Of-Service (LOS) and Travel-Time-Index (TTI). However, these metrics are only useful for measuring the current traffic congestion level and not for predicting its occurrence in a future context [2] .
Due to the nature of traffic congestion, it has been shown to have a direct effect on the average travel times of all users on a road network, which naturally leads to delayed or canceled events, meetings and scheduled deliveries. A study conducted by INRIX, a leading traffic investigation service, and backed by the Texas Transportation Institute's 2012 Urban Mobility Report [3] , has shown that between the years 2013 and 2030 the expected economic loss due to traffic congestion in the UK alone is estimated to be a staggering £307 billion, further reporting that this roughly equates to an increased congestion per-household cost from £1,426 in 2013 to £2,057 in 2030.
Such factors further lead to an increase in stress level of individual drivers, which has been strongly correlated to drivers' aggression [4] , which implies an increased probability of road traffic incidents due to lapse in concentration or poor judgments. In [5] , the authors investigated the effects of stress and aggression caused by traffic congestion on the health of city inhabitants and attempted to measure the effects of stress on the health of individual drivers using an impedance measurement [6] . This study highlighted that an increased impedance measurement leads to higher stress levels, which could contribute to poor mental and physical health. Alongside its impact on individuals' physical health, traffic congestion also contributes to the poor natural environmental conditions, such as poor air and water conditions due to increased pollution. This is mainly because a tremendous percentage of private vehicles still using fossil fuels as their primary power source. When a fossil fuel is burnt, it releases toxic biproducts into the environment, which once coupled with traffic congestion leads to an excessive production of these toxins, worsening the quality of life in dense urban areas.
As discussed above, traffic congestion is a colossal problem in particular for big cities, but it also has wider implications in every aspect of modern society. Although there has been many research attempts for designing effective solutions to mitigate this problem and its negative impact, we are still a long way from meeting the reality of a truly 'smart city' where road networks can dynamically cope with the ever increasing demand on the road infrastructure. Therefore, to shorten this way, we propose an original solution that consists in applying the principle of wireless networks based technology into road networks to ultimately reduce the commuters' travel time and improve their travel experience. This technology is known as 'Cognitive Radio' introduced in [13] and its key advantage consists in offering opportunistic access to additional bandwidth for wireless devices so that their achieved throughput can be increased. Likewise, we propose to apply the principle of this technology in road networks so that vehicles can opportunistically gain access to reserved lanes (e.g. bus and carpool lanes) so that their travel time is reduced.
The remainder of this paper is organized as follows. In Section II, we provide a detailed description of our proposed solution. Section III presents and analyzes the performance evaluation results. Finally, Section IV concludes the paper.
II. PROPOSED SOLUTION
In this section, we propose our original Cognitive Radio Inspired TraffIc Congestion reduction solution dubbed CRITIC in order to better manage traffic on road networks. CRITIC is based on a centralized approach in which a central traffic management entity such as a Traffic Light Controller (TLC) [8] monitors the traffic conditions (i.e. the occupancy level) on each incoming or outgoing lane that it controls, then CRITIC algorithm is triggered whenever its requirements are met. These requirements can be summarized into the following two conditions: (i) a reserved (or priority) lane, such as bus lanes or High-Occupancy Vehicle lane (aka carpool or diamond lane), is deemed to be underutilized, and (ii) traffic on other regular lanes is slowed down due to recurrent or non-recurrent congestion. In addition to monitoring traffic conditions, the TLC communicates with the vehicles as well and decide about the most effective lane guidance strategy for each of them to follow. The ultimate goal is to maximize the usage efficiency of the current road infrastructure without violating any local regulations.
A. Understanding Cognitive Radio Principle
In order to implement an effective algorithm that inherits from the ideas behind Cognitive Radio (CR) we must first understand how CR functions, and how its basic principals can be applied to the traffic management domain. In [9] , the authors discussed the basic principles of a CR system by focusing on the following three key points that characterize such a system.
• Acquiring knowledge of its operational and geographical environment, established policies, and its internal state (i.e. cognitive capability).
• Based on the above knowledge, dynamic and autonomous adjustment of its operational parameters and protocols is performed to fulfill a set of predefined objectives (i.e. reconfigurable capability).
• Learn from the achieved results (i.e. learning capability).
The first point, discusses how a CR system attempts to analyze the current network state to ensure it can understand the key information needed to monitor the network performance and discover what features it can manipulate to improve it. An example of this would be to firstly calculate how busy the current network frequency band is, in order to gauge whether or not it is becoming congested. This is directly applicable to a road network scenario, the same concept could be applied to the lanes of each road, finding out which lanes are congested and taking the appropriate action to reduce the traffic congestion.
The second point highlights that once the network state is analyzed and necessary information are acquired, a CR system proceeds with optimizing/adapting some network parameters to improve the overall performance and reduce the congestion state. In wireless networks context, this could be the adaptation to another radio frequency band that is currently underutilized, in order to more efficiently utilize the whole radio spectrum, and ultimately improving the achieved throughput. Again, the same types of optimization can be applied to a road network, a traffic analyzer (i.e. monitor) could, first, estimate the congestion level in each lane on a road segment, and then try utilizing other lanes on this road segment more efficiently, for example allowing non-priority vehicles to use a priority lane if this latter is under-utilized.
The final point mentioned attempts to provide a way for CR system to be able to learn from the information it has gathered from the two previous steps, in order to better service the network in future circumstances. An example of this in road networks would be to keep track of times when priority vehicles were affected by regular vehicles using priority lanes, trying to better understand what variables caused this to happen. In future circumstances the CR algorithm can then try to avoid these scenarios, making the algorithm more efficient and causing less delay to priority vehicles.
B. Cognitive Radio like Road Network Management
In our solution, we aim to implement the first two key points presented by CR systems specification, which are acquiring knowledge of the geographical environment and dynamically adjusting its operational parameters. Implementing the final stage of a CR system is, however, out of scope of this paper and will be investigated in a future work. system, CRITIC algorithm should select a subset of regular vehicles, as discussed later in Section II-C, and notify them that they now have permission to use the priority lane, either for a fixed period of time or until further notice. Figure 2 describes the actions taken by a non-priority vehicle upon receiving the selection notification from the TLC. The foremost feature a user needs to ensure is that no collision occurs during the time taken to move to a new lane, this is an additional feature that is required compared with the traditional CR algorithm, as in terms of virtual networks, collisions are not as harmful as in a real physical road network. Once a vehicle receives a notification from the TLC it must first ensure that it is safe to change its lane by coordinating its actions with the neighboring vehicles in both lanes (i.e. its current lane and the priority lane that this vehicle will move to). To safely achieve this a coordination protocol like [10] or [11] can be used. Afterward, the vehicle can use the priority lane till the expiration of its temporary access period or upon revocation of this access permission, in which case a safe lane change can be made back to a non-priority lane. 
C. Vehicles Selection Criteria
Once the above requirements are met, the TLC selects a subset of regular vehicles in the congested lanes to move to the under-utilized priority lane(s) for either a fixed period of time or till further notice. This step is very crucial as it has a significant impact on the efficiency of CRITIC. First, we need to determine how many vehicles should we select (i.e. Subset size ), then which vehicles to be selected, and for how long they will be allowed to use the priority lane. The number of vehicles to be selected depends on the length of the priority lane(s) and congestion level of non-priority lane(s), a simple way to determine this number is shown in Eq. 3. In this equation two inputs are used; (i) Capacity (see Eq. 1) defining the number of vehicles that the priority lane can host, and (ii) Reduction (see Eq. 2) which represents the number of additional vehicles that created the congestion. 
Subset size = min(Capacity, Reduction)
Where Length(P L) refers to the length of the priority lane, AV G V L is the average length of a vehicle, F F S RL represents the Free Flow Speed of the regular congested lane while AV G Speed (RL) denotes its current average speed. It is worth to mention as well that the Safety Distance is computed based on the maximum speed allowed in the priority lane.
The selection of vehicles that will be temporarily permitted to use a priority lane is made first based on their power source (i.e. electricity, hybrid and fossil fuel) and then their trip length, meaning that electric vehicles with longer trips will have the highest probability (i.e., Pr(i) value for a vehicle i) to use the priority lane, as shown in Equations 4 and 5.
such that P ower value is set to 1, 0.8 and 0.7 for electric, hybrid and fossil fuel vehicles, respectively. T rip value (i) is a normalized value representing the remaining distance of the vehicle i trip and calculated according to Eq. 5. Note that W power and W trip are weight values both equal to 0.5.
T rip value
where T rip i denotes the remaining distance to the destination for the vehicle i, while max trip represents the maximum value of this distance among all the vehicles using the congested regular lane. Now, the TLC selects the vehicles with the highest Pr(i) values (i.e. the top subset size vehicles) and notify them to change their current lane(s) and move to the under-utilized priority lane(s). Notice that for safety and efficiency purposes, the TLC may choose to notify a lower number of vehicles than the selected subset size vehicles, mainly based on their current positions within each lane.
III. PERFORMANCE EVALUATION
In this section we present the performance evaluation results of CRITIC algorithm under two different representative road layouts: Grid and Abstract road networks. The simulation was performed using SUMO 1 and TraCi in which we implemented the code of CRITIC using Python.
A. Evaluation metrics
The metrics used to evaluate CRITIC's performance are Average Travel Time (ATT) and Travel Time Index (TTI). The ATT is the mean travel time of all vehicle trips, it is a useful metric for determining the overall status of the road network [7] . The travel time (TT) is the time spent on the road network by a vehicle to reach its destination. ATT is computed as shown in Eq. 6, where n is the total number of vehicles and TT is the travel time.
TTI is the ratio of the TT during peak hours compared to the free flow TT [12] . Free flow TT is the time needed for a vehicle to cross a road during optimal conditions, i.e. at the maximum permitted speed with no delays. TTI is sometimes referred to as the congestion index [7] as it is a useful metric for measuring congestion levels in a given road network, it is calculated as described in Eq. 7.
where timeloss refers to the time lost (i.e., the additional travel time) due to driving below the ideal speed.
Before measuring the above performance metrics using CRITIC algorithm, a baseline was generated to measure these metrics in simulation scenarios where CRITIC mechanism is disabled. All simulations were run several times with a different random seed to get statistically meaningful results.
B. Simulation scenarios 1) Grid road network simulation:
Grid networks can be found in many large cities worldwide, with the most notable example being New York City road network. In this network, all of the roads connect in a grid form, forming a pattern of rectangles and squares. This topology can be very effective at reducing congestion as less complex joins occur between the road intersections, meaning vehicles can travel across the junctions easier, forming less traffic build up. However, due to its Grid style such network can still be over-congested, as the number of vehicles exceeds the physical capacity of the network, traffic congestion begins to build. To mimic the topology of this network, we generate a 10x10 GRID network, consisting of multiple 3x3 lanes, with the outer most lane being a priority lane (i.e., a reserved lane for buses for example). This simulation was mainly built to assess CRITIC's ability to alleviate the congestion level in congested Grid networks, with the hypothesis that this algorithm could help improve traffic throughput for heavily congested intersections, by opening up new lanes.
In order to assess how well CRITIC performs under varying congestion levels, we have simulated three scenarios representing three different traffic loads, 500, 1000 and 2000 vehicles, each with additional bus traffic generated at 20 step intervals. The delays between buses provide time for CRITIC algorithm to optimize the road network usage, providing opportunities for vehicles to make use of these priority lanes. The bar chart plotted in Figure 4 shows the obtained ATT results from the three simulation scenarios described above. Once the statistics are produced from each scenario, the three files produced by SUMO are concatenated together, providing a larger more reliable dataset to analyze. As we can see, overall CRITIC achieved a notable decrease in ATT in all three simulation scenarios, reducing the ATT by more than 50 seconds in each setting.
The histogram depicted in Figure 5 presents the distribution of the achieved travel times in the GRID networks for both baseline and CRITIC. This figure reveals that CRITIC algorithm produces a large sample of shorter travel times in comparison Table I : The achieved improvement of ATT in priority lanes: 10x10 GRID network (-: means a reduction of the ATT)
Alongside producing positive results for the overall ATT, the GRID simulation also provided more insightful data in terms of the effects CRITIC would have on the priority lanes and their intended purpose. Table I shows the ATT improvement achieved in each simulation scenario, as we can see the largest improvement in travel time was 28.85%, proving that CRITIC does not only improve the overall network performance, but also the performance of the priority lanes themselves. The data shown in this table represents the achieved physical ATT 2 of the priority lanes (not the ATT of the vehicles that used these lanes). This statistic is more relevant to proving that CRITIC does not impact travel times in bus lanes because SUMO implements real world bus policies, meaning that buses do not always use bus lanes, they can also use non-priority lanes when required, in such cases as turning at a junction. Table II shows the achieved results with the greatest reduction being at a density of 500 vehicles, the reduction means that not only is travel time faster, but at the networks optimum free flow capacity, the journey time is actually closer to the optimum.
2) Abstract road network simulation:
In this scenario, we simulate an abstract topology of a road network that mimics a more complex, real road network. Figure 6 we can clearly see how an abstract road network attempts to mimic the natural road networks available in many cities, with multiple different junctions and connecting lanes, with no uniformity between each edge. In order to maintain the same test environment as the Grid network simulation, the same vehicular densities were reproduced, ranging from 500 to 2000 vehicles.
The statistics collected from the abstract network simulation are plotted in Figures 7 and 8 . The bar chart depicted in Figure 7 shows how the ATT of the baseline simulations 2 The physical ATT refers to the average travel time of all vehicles that crossed a given priority lane while crossing this latter. In other words, it is a measure of how fast these vehicles crossed the priority lane. Figure 8 shows the results obtained from the most performant simulation, which was a density of 2000 vehicles. This histogram compares all the achieved travel times of each vehicle in the network for baseline and CRITIC simulations. These results reveal that the greater majority of vehicles achieved much shorter travel times in comparison with the baseline results, while also producing less extreme results, which can be caused by extreme congestion or road incidents. The above results highlight also that since the buses can utilize all lanes in a road network, CRITIC algorithm reduces the overall congestion on the network and, therefore, improves the travel time of priority vehicles as well. The Abstract network also provides extremely positive TTI results for CRITIC algorithm, as the table above shows in the most congested network of 2000 vehicles, CRITIC algorithm ensures a 75% reduction in TTI. This clearly highlights that CRITIC has the ability to reduce road traffic congestion on highly congested road networks, not only reducing overall travel times but also increasing the overall quality of service of the road network.
IV. CONCLUSION
This paper has addressed one of the most pressing issues of the 21st century, as cities grow and the human population increases to unforeseen levels, new challenges arise, which must be solved in order to maintain a productive and healthy society. Road traffic congestion is one of these issues, without an efficient traffic management system and modern road infrastructure, the economy and health of many cities will deteriorate, as business fails to grow and the environment begins to suffer. In contrast to numerous existing solutions, our original and cognitive radio inspired solution, dubbed CRITIC, attempts to provide evidence that not all changes need to be in the physical road network, but changes to laws and road policies can also bring profound effects to the efficiency of current road traffic networks. CRITIC's efficiency has been proven through extensive simulation, showing between 15% to 75% reduction in the overall travel time and a substantial increase of the number of shorter trips. We strongly believe that CRITIC could be the first step towards developing more sophisticated solutions that can revolutionize the upcoming era of driverless cars and smart road infrastructure.
